Abstract-with breakthroughs in battery technology, plug-in hybrid electric vehicles (PHEVs), jointly powered by an electric drive and an internal combustion engine are becoming a realistic alternative. In a PHEV, the battery is charged by the grid and the electric machine plays the major role in the vehicle drive so that the engine is only required to provide extra torque when accelerating and to drive the generator and vehicle when the battery level is low. This paper discusses a PHEV drive system with only one electric machine which functions as either a motor or generator and a supercapacitor bank for fast charging and discharging during regenerative braking and fast acceleration. The drive system is modeled using PSAT software. Several performance indexes, such as fuel economy, engine efficiency, range and acceleration are used to compare with a traditional vehicle. The PHEV performance is investigated using three typical driving cycles, i.e., an urban driving schedule, an extraurban driving cycle and a highway fuel economy driving schedule. These are evaluated in detail.
INTRODUCTION
Most vehicles are propelled by internal combustion engines (ICEs). Conventional gasoline and diesel-fueled vehicles usually have good performance, a high mileage range between refueling, ease of refueling, and use a high density energy source. Hence they dominate the market. However, conventional vehicles have serious disadvantages with respect to their carbon-based fuel use and air pollution. Electric vehicles (EVs) have been under development for many years and are likely to important substitutes for conventional vehicles in the near future. But the acceptance of the EV in the automobile market has encountered major obstacles [2] [3] . They tend to have heavy and bulky batteries with sluggish performance, limited loading capacity, shorter range, a long battery recharging time and high manufacture cost. Hybrid electric vehicles (HEVs) are considered to be the best tradeoff between conventional and electric vehicles and several are now in production. In a hybrid vehicle an ICE is assisted with an electric motor/generator arrangement which can help provide drive to the vehicle, particularly in urban cycles and at low speed, and improve efficiency by use of regenerative braking. This leads to flexibly in operation and potential optimization in overall drive train utilization. It also increases the complexity in the management of the engine and motor. Therefore the control strategy of the power plants is a crucial aspect in the development of an HEV. EVs, when compared to the ICE vehicles, have zero environmental pollution (although the electrical energy they utilize may well be sources from carbon-based fuels via embedded system generation) and high efficiency. However, they tend to have a lower range per recharge (or refuel) because of the low battery energy density. HEVs exhibit advantages of both the EV and the ICE vehicle because they employ both an ICE and an electrical drive system.
In general, HEV powertrain configurations can be classified into three different arrangements: series, parallel, and combined parallel-series, as illustrated in Fig. 2 [2] [3] [4] . It can be seen that the series configuration is the most simple, but it has low efficiency because of the double energy conversion from the engine to wheels. The parallel system employs the ICE and the electric drive in parallel so that there is direct mechanical propulsion. The parallel-series system incorporates characteristics from both systems so that it is compact with high efficiency; hence it is the usual system that is now utilized in commercial HEVs. Fig. 3 shows the structure of the parallel-series system in the Toyota Prius launched in 1997 [5] . The wheels are driven by the engine directly and by the electric motor M, while the battery is charged through the generator G that is driven by the engine using a power split unit. During regenerative braking, both motor M and generator G can be used to charge the battery. The powertrain is designed to match the needs of the EV while the ICE acts as the primary energy source. One of the most attractive advantages of this powertrain is the continuously-variable electric transmission (CVET). This is formed from the power split device and the Generator G via speed control. The CVET can keep the engine operating at a fixed speed most time thereby minimizing the fuel consumption and emission. The drive system has various working variations which match the different flexible control schemes as developed by Toyota, Honda and Nissan. Hence the powertrain is complicated and requires two electrical machines which increase the cost, additional copper and iron losses as well as friction loss in the mechanical system.
If the battery of an HEV can be charged from the grid it is called a plug-in hybrid electrical vehicle (PHEV). Compared to the HEV, the PHEV has a higher capacity battery and it is the primary energy source; the ICE becomes the auxiliary unit. The PHEV has yet to be commercialized -it is still a high cost option because of the immature technology in terms of its energy management strategy and drive system [6] [7] .
In this paper, a novel PHEV drive system is analyzed. The basic topology is given in Fig. 4 [6] . It consists of an energy storage system (grid-chargeable batteries combined with super-capacitors), a power control unit (DC link, DC/DC converters and 2-quadrant inverter/rectifier converters), an electric machine (motor/generator -MG) and an ICE. Only one electrical machine is required in this system, which acts as a motor in normal drive or as a generator when there is regenerative braking or charging of the battery and/or supercapacitor from the ICE. 
II. VEHICLE RESISTANCE ANALYSIS
In the PHEV, the vehicle is propelled by both the electric machine and engine. The traction machine torque/speed and power/speed curves are shown in Fig. 5 . There are three regions: the constant torque region I (below the base speed), constant power region II (between the base speed and critical speed) and reduced power region III (above the critical speed). In relation to the road speed in Australia, the base speed should typically be about 50 km/h, and the critical speed about 200 km/h. For following analysis is based on that put forward in [7] and reference to the complete method can be pursued in [7] and [8] .
If it takes a time t a to run up to a speed V f at the maximum available power at that particular speed, the maximum rated power at the drive wheels can be calculated to be ( )
where V b is the base speed (m/s), M v is the vehicle mass (kg), g is gravity (9.81 m/s 2 ), f r is the rolling resistance coefficient, ρ a is the air mass density (1.205 kg/m ] as derived in [7] and [8] . We obtain (1) from the time to accelerate the vehicle where In order to obtain an analytical solution of (2) the rolling resistances and aerodynamic drag can be neglected so that the approximate form of (2) is ( )
where P tr is the rated tractive power as already mention. This corresponds to the maximum power over the constant power range in Fig. 5 . From (3), P tr can be obtained in terms of the acceleration time t a where ( )
although this does neglect the resistance and drag and it is calculated from the vehicle kinetic energy. In order to obtain the complete expression for P tr in (1), the average resistance power P ra can be used and this is obtained from
where V is the function of time during vehicle acceleration.
This cannot be analytically solved. From [5] , a second order algebraic function may be used to simplify the acceleration time-speed profile where
By substituting (6) into (5), the average resistance power P ra can be obtained:
Hence, the total power of the traction motor is / tr tr ra
i.e., we have derived (1). It is necessary to consider the vehicle gradeability as discussed in [7] . This is a function of the maximum tractive effort at the road wheels:
In this equation, F t is the tractive effort at the road wheels, while α is the road gradient. The tractive effort usually satisfies the gradeability when the power satisfies the acceleration performance for an on-road vehicle. Using an example from [8] , i.e., for a 1500 Kg vehicle, about 48 kW of tractive power is required at the road wheels for a 5 0 gradient (8.75 %) at a speed of 100 Km/h, which is less than the typical available tractive power required to accelerate the vehicle.
Let us take an example machine with the following simulation parameters: M v = 1567 kg, t a = 10 s, V f = 100 km/h, V max = 200 km/h, A = 2.23 m 2 , C D = 0.26 and f r = 0.01. Fig. 6 shows the resistance power versus vehicle speed. The rolling resistance power is the black dashed line and the aerodynamic resistance is the difference between red line (total resistance) and the black line. From the curves, if can be seen that the rolling resistance power is the higher resistance loss representing 70 % of the total resistance at 50 km/h. At higher the speed the aerodynamic resistance has an almost exponential rise. At 200 km/h the rolling resistance ratio is only 14 % of the aerodynamic resistance. Vehicle speed (km/h) Thrust on driven wheels (kN) Assuming that the vehicle accelerates from zero to 100 km/h in 10 seconds we see how the variation of base speed via a gearbox affects the thrust. In Fig. 7 , the speed ratio x is defined by the ratio of critical speed to base speed. It illustrates that the acceleration time decreases with increasing x (lower base speed). However, when the speed ratio x reaches a certain value (e.g. greater than 6), as illustrated in Fig. 8 , there is only a small gain in power for a further increase in x. The ratio x is a function of the drive machine type. Under normal conditions, x can reach 6 if a switched reluctance machine is utilized, 4 if an inductance machine is used, but only 2 for a permanent magnet machine. 
III.
DRIVE SYSTEM PERFORMANCE ANALYSIS Using the proposed vehicle parameters and the PHEV system arrangement illustrated in Fig. 4 , the drive performance was assessed using the powertrain system analysis toolkit (PSAT) [9] . This has been developed by Argonne National Laboratory with U. S. Department of Energy (DOE) sponsorship. It has been developed in the MATLAB/Simulink environment and is used via a graphical user interface (GUI). More than 200 predefined configurations can be simulated and these include conventional, pure electric and fuel cell vehicle arrangements as well as different hybrid topologies (parallel, series, power split and series-parallel). The large library of component data enables users to simulate different vehicles. By using the test data encapsulated within the package, PSAT has been shown to predict the fuel economy of several hybrid vehicles to within 5 % with combined cycle operation. It is the primary vehicle simulation package used to support the DOE FreedomCAR R&D activities.
The PHEV PSAT model is shown in Fig. 12 and this includes many of the mechanical and electrical components such as the clutch/torque converter, two energy storage units (battery and supercapacitor), drive motor, engine, etc. There are three typical driving cycles used in electric vehicle simulation. These are the urban driving schedule (UDDS), extra-urban driving cycle (EUDC) and highway fuel economy driving schedule (HWFET). Their speed and acceleration profiles are shown in Figs. 13 and 14 respectively. Table I summarizes some performance comparisons between the simulated PHEV and a traditional car in the UDDS driving cycle. The fuel economy in the PHEV is 70.91 miles/gallon which is more than twice that of traditional car economy of 33.92 miles/gallon. Table II shows the PHEV performance across all the drive cycles. In the urban cycle (UDDS) the engine works at an efficiency of 28.15 % and the fuel consumption is 0.98 gallon/100miles/ton, where the frequent accelerations and decelerations in the cycle shown in Fig. 13(a) cause lower ICE efficiency. For the extra-urban cycle (EUDC) in Fig. 13 (b) the speed range is slightly higher than in the urban cycle while the torque demand is increased due to the higher speeds. Consequently a higher ICE efficiency of 34.63 % is achieved and the fuel consumption is increases to 1.46 gallon/100mile/ton. The best efficiency is achieved in the highway cycle with 36.83 % efficiency and 1.87 gallon/100mile/ton fuel consumption. The simulation outcomes are similar to the results found in [10] . 15 shows the electric machine torque-speed operating points for the three typical driving cycles. The drive machine works below 200 rad/s for almost two-thirds of the cycle time in UDDS, and hence it has the lowest efficiency at 85.80 %. However, for the HWFET, operation is above 200 rad/s for close to three-fourth of the cycle time and the efficiency is 90.12 %. The EUDC has an intermediate efficiency of 89.01 %. These illustrate that the drive machine should have high power and torque densities because of the frequent starting and stopping, especially in the UDDS cycle. IV. CONCLUSION This paper analyzes the discusses series, parallel, and combined parallel-series hybrid electric vehicles and then details possible future developments in plug-in hybrid vehicles with reference to developments in batteries and supercapacitor technology. A more unusual PHEV structure is investigated in the paper. It consists of only one electric machine that functions both as the motor in normal drive and generator in regenerative braking or battery charging modes. From a drive system point of view, the powers associated with rolling and aerodynamic resistances are investigated. Using PSAT software, the PHEV drive performance during an urban driving schedule (UDDS) cycle is compared with that of a traditional vehicle; the PHEV is characterized in three typical driving cycles: UDDS, EUDC, and HWFET. 
